Herein we report on the self-assembly of a family of Fmoc-depsipeptides into nanofibers and hydrogels. We show that fiber formation occurs in depsipeptide structures in which the fluorenyl group is closely associated and that side-chain charge and sequence affect the extent of self-assembly and subsequent gelation. Using fluorescence emission spectroscopy and circular dichroism, we show that self-assembly can be monitored and is observed in these slow-gelling systems prior to hydrogel formation. We also demonstrate that the ionic strength of salt-containing solutions affects the time at which self-assembly results in gelation of the bulk solution. From transmission electron microscopy, we report that morphological changes progress over time and are observed as micelles transitioning to fibers prior to the onset of gelation. Gelled depsipeptides degraded at a slower rate than non-gelled samples in the presence of salt, while hydrolysis in water of both gels and solution samples was minimal even after 14 days. Our work shows that while incorporating ester functionality within a peptide backbone reduces the number of hydrogen bonding sites available for forming and stabilizing supramolecular assemblies, the substitution does not prohibit self-assembly and subsequent gelation.
Introduction
Peptide-based structures have advantages as biomaterials because of the potential for controlled biologic function.
1-3
Based on their ability to form higher-ordered structures, they are also able to self-assemble into self-supporting gels, which have application as potential injectable carriers in drug delivery 4 and tissue engineering. 5, 6 The designer self-complementary peptides, EAK, 7, 8 RAD, 7, 8 and KFE, 9, 10 have been well cited in the literature, and their chemical structures alternate hydrophobic and hydrophilic domains which inuence the selfassembly into nanobers, nanotubes, or hydrogels. 5, 6, [11] [12] [13] [14] Selfassembly is inuenced by the length, sequence, and composition of the chemical backbone within specic environmental conditions, and predicting these processes is not straightforward. For example, KFE8 and KFE16 exhibit similar gelation conditions, while KFE12, with an intermediate length, requires a lower concentration of salt to form a gel. Consistent with the EAK and RAD peptide assembly, each molecule must pack together as a beta-strand with other oligopeptides to form a beta-sheet, suggesting that KFE8 is not long enough to maintain this structure at low salt concentrations. On the other hand, KFE16 peptides have more bonds and therefore more degrees of freedom. Thus, bond rigidity is increased to stabilize the betastrand and therefore entropy is decreased, causing a decrease in the propensity to self-assemble at lower salt concentrations.
Self-assembly has also been studied on short peptide structures with conjugated aromatic groups at the N-terminal, such as the Fmoc moiety. 15 Fmoc-peptides are relatively small molecules, with a molecular weight of less than 1000 Da and usually self-assemble in water to form long, brous structures. Fmocpeptides are very robust in their ability to self-assemble and subsequently form gels. While the assembly of Fmoc-peptides is not well-understood, it has been proposed that the hydrophobicity and planar character of the Fmoc group, the ability of the peptide chain to hydrogen bond, and interactions among adjacent peptide residues may all contribute to the formation of nanostructured bers and ultimately to hydrogels. [16] [17] [18] [19] [20] [21] For example, a library of seven Fmoc-dipeptides were evaluated for successful gelation, and results indicate that gelation was highly dependent on the interaction of the uorenyl groups, as circular dichroism spectrum of all gels gave rise to peaks indicative of p-p* transitions in the Fmoc structure. In samples that did not form gels, no contribution from the aromatic region was observed with spectroscopic methods. 22 In a separate study, Fmoc-Phe-Gly forms a gel under 2 conditions while a simple change in the sequence to Fmoc-Gly-Phe does not. 16 Our group has previously demonstrated both experimentally and computationally that while the stacking of the Fmoc group of Fmoc-Ala-Ala was critical in ber formation and subsequent gelation, the formation of b-sheet-like hydrogen bonds between molecules was not prevalent. 23 The structure and function of short self-complementary peptides can be altered upon modication of the native peptide backbone. 24 Altering the peptide backbone with esters to form depsipeptides, can confer properties such as faster degradation while potentially preserving biologic properties, [25] [26] [27] selfassembly, 28, 29 and hydrogel formation. 25 Incorporating esters into the peptide backbone reduces the potential for hydrogen bonding interactions, however, linear depsipeptides based on amylin sequences have been reported to self-assemble into helical ribbons and peptide nanotubes.
29 Amylin(20-29) derivatives were modied with esters at positions 24, 26, and 28; self-assembly of the depsipeptides was unexpected, as a single ester substitution prevented gelation. The depsipeptide did not exhibit b-sheet conformation as is traditionally observed for amylin bers, suggesting that folding other than b-sheet character is responsible for the self-assembly.
In an effort to capitalize on both the robust assembly and gelation of Fmoc-peptides as well as the hydrolytic sensitivity of depsipeptides, we are interested in developing Fmoc-depsipeptides as a class of biomaterials. Furthermore, we propose to use these materials to investigate the role of inter-chain hydrogen bonding, side-chain charge, and sequence specicity on selfassembly and gelation. The goal of this work is to demonstrate the self-assembly of Fmoc-depsipeptides into nanobers and hydrogels. We show that the depsipeptide side chain charge and sequence affect the extent to which nanostructured supramolecular bers form. We also investigated how the ionic strength of salt-containing solutions affects the time at which selfassembly results in gelation of the bulk solution.
Materials and methods

Depsipeptide design
The depsipeptides developed by our group were inspired by both short, self-complementary peptides 5, 12, 14, [30] [31] [32] [33] [34] [35] and Fmocdipeptides. 20, 21, 36, 37 The depsipeptide library was synthesized with standard Fmoc-solid phase methods with depsi-dipeptides as the coupling building block (Fig. 1) . 38 The depsipeptides have an alternating sequence of hydrophilic and hydrophobic residues; they are composed of di-depsipeptide units of lysine (K) or aspartic acid (D) and lactic acid (Lac). The charges are aligned in a block-like manner for structures containing K and D residues, and an alanine (A) or phenylalanine (F) residue was positioned at the C-terminal to reduce undesired side-products. 38 The depsipeptides were named according to the Nterminal amino acid and the linear order of various residues followed by the total number of residues. The design strategy of alternating hydrophobic Lac residues with the charged residues K and D was adapted from the sequence of the EAK16 peptide, which has a hydrophobic alanine (A) residue that alternates with either the hydrophilic glutamic acid (E) or lysine (K) amino acids, AEAEAKAKAEAEAKAK. We were also interested in investigating how the Fmoc group inuences the self-assembly of our depsipeptide library. Many Fmoc-dipeptides have been found to self-assemble into ordered structures, 37 and spectral changes due to the association and orientation of uorenyl groups within self-assembled systems have been well-cited using uo-rescence spectroscopy 21, 39 and circular dichroism. 38 Fmoc-D-Lac-K-F-8 was prepared using the same methods with the exception of rst coupling to an Fmoc-Phe-Wang resin (30%). Fmoc-DAKA-8 was synthesized with manual solid phase peptide synthesis methods (37%). Fmoc-Ala-Wang resin was coupled to Fmoc-Lys(Boc)-OH in DMF and DCM with DIC and DMAP. Aer 2 hours, the resin was washed with DMF and DCM. Upon removing the Fmoc group in 20% piperidine in DMF, Fmoc-Ala-OH in DMF and DCM was Fig. 1 Depsipeptide library. The depsipeptides were named according to the N-terminal amino acid and the order of various residues, where K is lysine, Lac is lactic acid, D is aspartic acid and A or F is the residue at the C-terminus, alanine or phenylalanine respectively. The shorthand name is followed by the total number of residues. Fmoc-DAKA-8 is the peptide equivalent of Fmoc-D-Lac-K-A-8.
coupled to the resin with DIC and DMAP. Aer 2 hours, the resin was washed with DMF and DCM. The process of removing the Fmoc-group, coupling with Fmoc(Boc)-OH, Fmoc-Ala-OH, or Fmoc-Asp(OtBu)-OH, and washing with DMF and DCM was repeated until the desired sequence was obtained. The peptide was cleaved with TFA/water/TIPS (95:2:3) for 3 hours, precipitated in diethyl ether, and puried with HPLC. The depsipeptides were characterized using liquid chromatography-mass spectrometry (LC-MS) employing electrospray ionization (ESI).
Sample preparation
Samples were dissolved in either pure distilled and deionized water, phosphate buffered saline (PBS), or PBS with an additional 10 mM sodium chloride (PBS + NaCl). PBS without calcium and magnesium was used and had a concentration of NaCl of 137 mM before additional salt was added. Unless otherwise specied, samples were prepared at a concentration of 10 mg ml À1 . The pH of the PBS and PBS + NaCl bulk solutions were adjusted with 0.1 N HCl or 0.1 N NaOH. The samples were kept at room temperature and visually observed for hydrogel formation every 18-24 hours. Gelation was dened as the inability of the solution to ow under vial inversion.
Stability study
The hydrolysis products of Fmoc-D-Lac-K-A-8 were observed over 14 days at room temperature using HPLC-mass spectrometry. The Fmoc-depsipeptide formed a gel in water, PBS, and PBS + NaCl at a concentration of 10 mg ml À1 over 3 weeks, 6
days, and 2 days respectively. Samples were analyzed postgelation. Aer 4, 7, 10, and 14 days, 100 ml was collected and diluted in 900 ml of respective solution. Non-gelled samples were prepared under the critical gel concentration of 1 mg ml
À1
and read aer 4, 7, 10, and 14 days.
Fluorescence experiments
Fluorescence emission spectra were collected on a Molecular Devices plate reader provided by the DNA Sequencing Facility at the Institute of Cellular and Molecular Biology. Samples were read in 96-well black plates with an excitation of 265 nm from 300-500 nm and the respective solution background was subtracted from sample spectrum prior to data analysis.
Transition emission microscopy (TEM)
Images were obtained using a FEI Tecnai Transmission electron microscope operating at an acceleration voltage of 80 kV. Samples (5 ml) were placed onto glow-discharged or untreated carbon coated copper grids for 10 seconds, removing the excess with lter paper. Water (5 ml) was placed on grids containing samples prepared in PBS or PBS + NaCl. This process was repeated twice, and the samples were then negatively stained with uranyl acetate (5 ml).
Fourier transform infrared spectroscopy (FTIR)
FTIR experiments were performed with dry or wet samples on a Bruker Vertex 70 FTIR spectrometer provided by the Webb group in the Department of Chemistry at the University of Texas at Austin. The spectrometer was equipped with an A518/Q horizontal reection cell (Bruker) for illuminating the sample at a grazing angle of 80 with respect to the surface. The reection cell was purged with N 2 for 1 hour prior to starting experiments and handled by methods reported in the literature. 40 Spectra were recorded using a mercury cadmium telluride (MCT) detector, with 100-400 scans between 400 and 4000 cm À1 at a resolution of 4 cm À1 . Samples were also analyzed using an ATR cell equipped with a germanium crystal. The sample substrates consisted of silicon wafers coated with chromium and gold, which were generously prepared and provided by the Webb group. The surfaces were cleaned with either hydrogen ame annealing or with a piranha wash. The latter method was followed by rinses in concentrated HCl, high purity water, and ethanol, then dried with N 2 . Fmoc-D-Lac-K-A-8 gelled in water, PBS, and PBS + NaCl at a concentration of 10 mg ml À1 over 3 weeks, 6 days and 2 days, respectively, prior analysis. The samples were dried overnight on clean wafers and analyzed by placing the sample side of the wafer face down on the reection (or ATR) cell crystal. Non-gelling solutions of Fmoc-D-Lac-K-A was dissolved in water, PBS, or PBS + NaCl, immediately placed on the wafer, and dried overnight. Samples prepared in PBS + NaCl caused extensive crystallization of salts upon drying; these samples were thus analyzed wet. To analyze non-self-assembled samples, a freshly prepared sample (20 ml, 10 mg ml À1 ), mixed less than 2 minutes prior to measurement, was placed on the cell and sandwiched with a clean wafer. Fmoc-D-Lac-K-A-8 gelled in PBS + NaCl at a concentration of 10 mg ml À1 over 2 days prior analysis. Gelled Fmoc-DAKA-8 was prepared at a concentration of 10 mg ml À1 in water and aged at least 2 days.
Turbidity was observed instantly upon dissolving Fmoc-DAKA-8 in water, thus it was not possible to investigate a pre-assembled state by taking scans soon aer mixing. Adding 1.0 N NaOH to adjust the pH of Fmoc-DAKA-8 in water yielded a non-gelled state, which was used for analysis in solution. Scans of the respective solution served as the background spectrum, which was subtracted from sample spectra.
Circular dichroism (CD)
CD was collected on a Jasco J-815 CD Spectrometer. Fmoc-DLac-K-A-8 was dissolved in PBS + NaCl, PBS, and water at 10 mg ml À1 and aged for 4 days. Fmoc-DAKA-8 was dissolved in PBS + NaCl, PBS, and water at 10 mg ml À1 initially and aged for 24
hours. The concentrations in PBS + NaCl and PBS were adjusted to bring the mixture to dissolution. The sample (50-100 ml) was pipetted onto a cylindrical cuvette (0.1 mm) and carefully sandwiched as to avoid air bubbles. CD spectra were measured over the range 180-350 nm in with a scanning speed of 200 nm min
À1
, data pitch of 1 nm, and 3 accumulations. The optical chamber was continually ushed with nitrogen.
Rheometry
Depsipeptide solutions were prepared and allowed to gel in hollow cylindrical molds with a diameter of 8 mm. The gelled samples were carefully removed and placed on the stage of the rheometer. Measurements were collected on an Anton Paar Physica MCR 101 rheometer using an 8 mm diameter parallel plate geometry at room temperature and a xed gap of 0.8-1.30 mm. The storage and loss moduli were measured with a frequency sweep test (0.1-100 Hz) with a xed strain amplitude (1.0%) and were averaged over 4-5 samples.
Results and discussion
Spectroscopic and morphological analysis of depsipeptide self-assembly
We investigated excimer formation of the uorenyl group as an indicator of close association and self-assembly among the depsipeptides Fmoc-K-Lac-K-A-8, Fmoc-K-Lac-D-A-8, and Fmoc-D-Lac-K-A-8. The uorescence emission spectrum of Fmoc-KLac-K-A-8 in PBS or PBS + NaCl within the pH range of 6.0-9.0 shows a peak at 310 nm (Fig. S1A †) , which is comparable to the uorescence emission spectra collected on non-assembled Fmoc-peptides: Fmoc-Lys(Boc)-OH, Fmoc-Asp(OtBu)-OH, FmocLys(Boc)-Lac-OH, and Fmoc-Asp(OtBu)-Lac-OH (Fig. S1B †) . These results suggest the peak at 310 nm is the emission maximum of the uorenyl group of each Fmoc-depsipeptide in its monomeric state, and does not correlate to a state of ordered assembly.
The emission spectra of Fmoc-K-Lac-D-A-8 in ionic solutions 6 days aer preparation show a shoulder peak centered around 370 nm that is absent in water ( Fig. 2A) . TEM images of this depsipeptide show the formation of unordered aggregates in PBS and PBS + NaCl aer 11 days (Fig. 2B) , while a mixture of globular structures approximately 75 nm in diameter and short ber-like structures 200-350 nm long are observed in water. Taken with the emission spectra, this result indicates that in water, Fmoc-K-Lac-D-A-8 may undergo self-assembly to some extent. The shoulder peak of the uorescence spectra at 370 nm has been correlated with extensive aromatic stacking of uo-renyl groups, 8 which has been reported to contribute to the selfassembly of certain Fmoc-dipeptides into micelles. 21, 39 In our system, it is clear some self-assembly has taken place but has not resulted in regular micelle-like structures; it is possible that the increased number of residues or steric hindrance due to large lysine side chains adjacent to the uorenyl groups prevents formation of true micelles. These results also indicate the association of the uorenyl groups is inuenced by depsipeptide sequence.
Excimer formation between multiple aromatic ring structures, such as the Fmoc group, is readily investigated with uorescence emission spectroscopy. Prior work with covalentlybound uorine dimers demonstrated different emission peak energies depending on syn-or anti-arrangement. 41 Multiple groups have inferred specic orientations for Fmoc groups during the self-assembly process of supramolecular brils, such as p-stacking, anti-parallel, or parallel association of the uo-renyl structures. 20, 42 Recent work has demonstrated that extensive, close aromatic stacking produces the most dramatic red shi while other, less efficient modes of aromatic overlap produce a smaller red shi over that of the monomer. 43, 44 In comparing the uorescence emission spectrum of Fmoc-K-Lac-K-A-8 ( Fig. S1A †) with Fmoc-K-Lac-D-A-8, our results suggest that the presence of aspartic acid in the latter depsipeptide facilitates closer interaction, and possibly excimer formation, between uorenyl groups.
In contrast to Fmoc-K-Lac-D-A-8, Fmoc-D-Lac-K-A-8 selfassembled to ultimately form a hydrogel. Gelation was dened as the inability of the solution to ow under vial inversion, and the depsipeptide formed a hydrogel in water, PBS, and PBS + NaCl over 3 weeks, 6 days, and 2 days respectively (Table 1) . Aer 2 days in PBS + NaCl, a red shi from 310 nm to 320 nm was observed with uorescence spectroscopy (Fig. 3A) . Similarly, the peak at 320 nm is observed in the PBS solution aer 6 days (Fig. 3B) , consistent with the time at which gelation was observed. Fmoc-DAKA-8, the peptide analogue of Fmoc-D-Lac-K-A-8, was also evaluated and demonstrated a similar uores-cence shi in water (Fig. 3C) .
The morphology of Fmoc-D-Lac-K-A-8 pre-and post-gelation was observed with TEM aer 18 hours and 4 days. The study was designed to observe intermediate self-assembled structures prior to gelation, as gelation occurred aer 2 days in PBS + NaCl, 6 days in PBS, and over 3 weeks in water. Aer 18 hours, bers , a broad shoulder around 370 nm is observed, whereas in water the shoulder peak is not as pronounced, perhaps indicating a small degree of selfassembly. Emission spectra displayed in (A) were collected 6 days after sample preparation. TEM samples were stained with uranyl acetate, and the collected images show globular, unordered networks in ionic solutions. Short, fiber-like morphologies are observed only in aqueous solutions, indicating some self-assembly has taken place. Scale bar ¼ 100 nm.
were observed in PBS and PBS + NaCl samples, while spherical aggregates were present in water (Fig. 4A-C) . Aer 4 days, bers are observed in all three solutions (Fig. 4D-F) , similar to brous structures seen in Fmoc-DAKA-8 gels at the same time (Fig. S2 †) .
Compared to the co-assembly of short, oppositely charged Fmoc-peptide hydrogels, 19 in which the anti-parallel stacking of the uorenyl groups resulted in the formation of nanobers and ultimately supramolecular hydrogels, the Fmoc-depsipeptide Table 1 Summary of gelation results for Fmoc-D-Lac-K-A-8. Gelation is defined as the inability of the material to flow upon inversion and takes the shape of the vial. Fmoc-D-Lac-K-A-8 in PBS + NaCl is shown on the right 
>3 weeks
Fig. 3 Fluorescence emission spectra of Fmoc-D-Lac-K-A-8 in PBS + NaCl (A) and PBS (B)
were collected after 2 hours, 2 days, and 6 days. In PBS + NaCl, both a red shift from 310 to 320 nm and decrease in intensity is observed upon the formation of a gel after 2 days. Similarly, the same trend is observed in PBS after 6 days. The peptide equivalent, Fmoc-DAKA-8 forms a gel in water overnight; emission spectra were collected after 2 hours, 2 days, and 6 days in water (C). nanobers were observed under all conditions aer 4 days. However, the less highly stacked positioning of the Fmocgroups, as evidenced by uorescence emission, was only evident in PBS + NaCl (Fig. 3A) , at which point a gel had already formed. Correlating the association of the uorenyl groups to the selfassembly of ber networks observed in Fmoc-peptides, 21,39 our results suggest that the efficiency of aromatic overlap in the Fmoc-excimer is solution-dependent.
Spectral changes occur upon self-assembly of both bers and hydrogels, although spectral changes over time are more pronounced around the gelation point; therefore, conditions under which self-assembly occurs, and therefore the emission spectra evolve, more quickly over time also cause a more rapid onset of gelation. As a comparison, Fmoc-DAKA-8 was observed to form a viscous, slightly turbid solution within minutes aer mixing with water, indicating initial self-assembly. Fmoc-DAKA-8 self-assembled to a gel-forming density aer 18 hours. The emission spectrum (Fig. 3C) is consistent with those of the gelled samples of the depsipeptide. The spectral shi to 320 nm is characteristic of less efficient aromatic overlap attributed to anti-parallel alignment of uorenyl groups for Fmoc-dipeptides. 21 Within our system, less efficient overlap of the Fmoc groups is observed in gelled samples, and similar emission trends have been reported in Fmoc-peptide families post-gelation. 20, 21, 45 In water, self-assembly leads to critical gelation density only aer 3 weeks. During the initial stages of assembly, it is possible that the uorenyl group transitions from an orientation with a very high degree of stacking to a much less ordered arrangement. The process may inuence the formation of micelle-like structures, which then aggregate to form brils in which Fmoc-groups are associated mainly within the core of the ber. The transition into bers causes an increase in intensity as the Fmoc groups are no longer quenched, and over time, the decrease of the uorescence emission at 320 nm indicates the self-assembly into a ber network.
21,39
The chemical structure of our depsipeptides are designed with alternating esters within a native peptide backbone, thus the effects of hydrogen bonding are reduced. Given that selfassembly is modulated by a number of non-covalent interactions, including hydrogen bonding, Fmoc-D-Lac-K-A-8 was investigated at both early and late stages of self-assembly with IR spectroscopy in water (Fig. 5A) and PBS ( This result can be compared to other depsipeptide systems, in which b-sheet folding is observed in the peptide counterpart but absent in the modied structure, 29, 25 suggesting that bsheet interactions may be partially disrupted by the inclusion of ester bonds into the peptide backbone. Our results suggest that a higher order structure other than the more commonly reported b-sheet formation between peptide chains in Fmoc-peptide systems contributes to the self-assembly and gelation of Fmoc-D-Lac-K-A-8.
While the morphology of Fmoc-D-Lac-K-A-8 nanostructures, as shown by TEM, indicates the formation of micelles and bers in water aer 18 hours and 4 days respectively, the IR data on pre-and post-gelation do not provide any additional information to allow us to distinguish between different stages of self-assembly. Our data indicates, however, that the rate of selfassembly and subsequent gelation is decreased for hydrogen bonding-decient materials such as the depsipeptides described herein.
Helical stacking of the uorenyl groups CD spectra were collected for Fmoc-D-Lac-K-A-8 aer 4 days at 10 mg ml À1 in PBS + NaCl, PBS, and water. At the time of the data collection, gelation was only observed in PBS + NaCl. The spectra show positive dichroism from 260-302 nm for samples prepared in the salt containing solutions (Fig. 6A) , evidence that self-assembly has proceeded to a greater extent in these solutions. CD data for Fmoc-DAKA-8 was collected aer 24 hours in PBS + NaCl, PBS, and water ( Fig. 6) , consistent with the time at which hydrogel formation is observed. The peptide was less soluble in the salt containing solutions and did not selfassemble to an extent that would form gels in PBS or PBS + NaCl at 5 or 2.5 mg ml À1 . In water, gelation of Fmoc-DAKA-8 was observed aer 18 hours, and peaks between 260 nm and 310 nm were observed (Fig. 6B) . When observed pre-gelation, CD of Fmoc-DAKA-8 shows similar peak patterns observed in the gelled form of the peptide (data not shown), conrming that self-assembly has occurred prior to the point of gelation. A similar spectral feature, the positive peaks from 260-310 nm, is observed for other Fmoc-peptide gel systems in which the u-orenyl groups are thought to be stacked in a helical manner.
22
For both the depsipeptide and peptide, helical stacking of the uorenyl group was observed in gelled forms or in samples very close to gelation. These results suggest that the helical stacking of uorenyl groups is a critical step in the self-assembly process that precedes the onset of gelation and appears to be a process largely unaffected by ester substitutions in the peptide backbone.
Hydrolytic degradation of Fmoc-D-Lac-K-A-8
The stability of non-gelled and gelled samples of Fmoc-D-Lac-K-A-8 was analyzed in PBS + NaCl and water (Fig. 7) using HPLCmass spectrometry (LC-MS). The degradation proles in PBS (Fig. S3 †) and PBS + NaCl are comparable, thus we chose to compare stability between one ionic and aqueous solution for simplicity. Low concentration samples (1 mg ml À1 ) were used as the non-gelled components for both solutions, as gelation has only been observed at 10 mg ml À1 . In PBS + NaCl, the non-gelled sample is completely degraded aer 10 days. In the gelled form, intact depsipeptide remains in the mixture aer 14 days. The degradation products are most likely a result of hydrolysis of Fmoc-D-Lac-K-A-8 at the ester bonds, as the mass-to-charge (m/z) values associated with the new peaks in the chromatogram correlate to the predicted hydrolyzed structures (Fig. S4 †) . In water, the depsipeptide is relatively stable in both the non-gelled and gelled state, though it appears slightly less degraded in the gelled state. Within gelled samples, individual molecules are organized into supramolecular assemblies and therefore the depsipeptide backbone may be less accessible to water molecules and hydronium and hydroxide ions than in the solution state. Tian et al. observed nearly identical behaviour in solutions and gels from depsipeptides containing only one backbone ester substitution. 25 It is unclear why degradation occurred faster in salt-containing solutions than in pure water; Fig. 6 CD spectra of Fmoc-D-Lac-K-A-8 in PBS + NaCl, PBS, and water (A) and Fmoc-DAKA-8, the peptide equivalent (B). The depsipeptide was prepared at 10 mg ml À1 and aged for 4 days. In PBS + NaCl and PBS, gels formed after 2 days and 6 days respectively. Strong absorbance peaks from 270-300 nm are observed, which have been reported to be helical stacking of the Fmoc-group. No gels formed in water at the time the CD was collected. Fmoc-DAKA-8 only exhibited gelation in water due to poor solubility in PBS and PBS + NaCl, therefore only the CD spectrum of the peptide in water shows a similar positive dichroism from 270-300 nm indicating helical-like association of Fmoc groups.
perhaps the charged ion species shield oppositely charged peptide side chains that would otherwise repulse hydronium and/or hydroxide ions responsible for ester hydrolysis.
Effect of increasing electrostatic interactions or hydrophobicity on gelation
Of all the structures investigated within our depsipeptide library, Fmoc-D-Lac-K-A-8 alone forms a hydrogel aer 2 days, 6 days, or 3 weeks in PBS + NaCl, PBS, and water, respectively. Fmoc-D-Lac-K-A-16 ( Fig. S5A †) was synthesized in an attempt to investigate the effect of increasing electrostatic interactions on self-assembly. No gelation was observed at 10 mg ml À1 in water, PBS, or PBS + NaCl, and the emission spectra show no unique patterns aer 5 days (Fig. S5B †) . In another attempt, we increased the overall hydrophobicity of the structure by adding a phenylalanine (F) to synthesize Fmoc-D-Lac-K-F-8. Gelation was observed in water within minutes at 5, 10, and 20 mg ml À1 .
As a comparison, the mechanical properties of Fmoc-D-Lac-K-A-8 and Fmoc-D-Lac-K-F-8 gels were analyzed using parallel-plate rheometry (Table 2) . Results show that increasing the overall hydrophobicity of the depsipeptide increases the gel strength, a trend that has been reported in self-assembling Fmoc-dipeptide systems.
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Fmoc-D-Lac-K-F-8 was less soluble in PBS and PBS + NaCl than in water and did not form a hydrogel in the salt-containing solutions even aer 7 days. The observed uorescence emission peaks at 310 nm in PBS and PBS + NaCl (Fig. 8 ) reect the is hydrolyzed at two potential ester sites (^), to yield the two predicted degradation products, represented by a double (**) and triple (***) asterisk. As shown by peak intensity changes in the chromatograms over time, the depsipeptide in solution degrades after 2 days and is completely hydrolyzed in the presence of salt after 7 days. In the gelled form, the rate of hydrolysis is slower and is mostly degraded in PBS + NaCl after 14 days. In water, both the depsipeptide in solution and as a gel showed the slowest rate of gelation. The study conducted in PBS and the masses of these structures are provided in the ESI (Fig. S2 and S3 †) . 21 This absorbance was not detected in our system, suggesting that when Fmoc-D-Lac-K-F-8 self-assembles into a ber-like nanostructure, the phenylalanine ring does not associate closely with the Fmocgroup. The chemical backbone of the depsipeptide differs from Fmoc-Phe-Phe-OH in length, incorporation of esters, and the fact that it is self-complementary. All of these effects have been reported to affect self-assembly in other Fmoc-peptide systems, 29, 19 thus, we would not expect our results to directly trend with a system limited by two peptide residues.
Importance of uorenyl association for Fmoc-depsipeptide gelation
The self-assembled structures of well-studied peptide families have been reported in the literature and rely heavily on spectroscopic data that correlate to specic secondary folding characteristics in better-characterized protein systems. Observations of secondary structures were absent in the analysis of Fmoc-D-Lac-K-A-8 because such interpretation with CD and IR are based on the chemical features of the native peptide backbone. The incorporation of esters within the depsipeptides disrupts both the exibility of the structures and their ability to hydrogen bond, thus the comparison of depsipeptides to peptides may be limited with these techniques. Our results suggest that depsipeptides assemble into ordered structures, such as bers and hydrogels, and the close association of u-orenyl groups is an important indicator of self-assembly and gelation of our materials.
The gelation of our family of Fmoc-depsipeptides is inuenced by the sequence of charged residues along the chemical backbone, the presence of salt, and the overall hydrophobicity of the structure. Fmoc-D-Lac-K-A-8 formed bers and hydrogels in water, PBS, and PBS + NaCl. The structural data reveals that the uorenyl groups are aligned in a closely associated manner in gelled samples, and the data is consistent with Fmoc-peptides that show helical stacking of the uorenyl groups. Replacing alanine residues with lactic acid contributes to a loss of hydrogen bonding ability due to ester inclusion, which may contribute to slowing the self-assembly process and therefore extend the time to the onset of gelation. The peptide Fmoc-DAKA-8 forms a gel in water overnight, while the depsipeptide Fmoc-D-Lac-K-A-8 in the same solution forms a gel in 3 weeks. Salt-containing solutions most likely act to shield the charged residues, which may help to drive the self-assembly of Fmoc-D-Lac-K-A-8 more rapidly in PBS + NaCl than in PBS or water. Incorporating a phenylalanine residue to the depsipeptide, Fmoc-D-Lac-K-F-8, leads to hydrogel formation in water within minutes, suggesting that hydrophobic interactions may facilitate rapid self-assembly leading to gel formation in the absence of side-chain shielding salts. The hydrogen bonding sites are reduced due to the presence of the ester bond, however this structural modication does not completely disrupt self-assembly and subsequent gelation.
Conclusions
In this work, we synthesized and assayed the self-assembly and gelation capability of a small family of Fmoc-protected depsipeptide oligomers. It is clear that incorporation of regular esters into a native peptide backbone does not prohibit the selfassembly into supramolecular nanostructures that in some cases, form networks dense and entangled enough to cause gelation in water. We have demonstrated that the self-assembly of Fmocdepsipeptides leading to hydrogel formation is dependent on charge, sequence, and salt concentration. The close association and possibly helical stacking of uorenyl groups, as determined by uorescence emission and CD spectroscopies, corresponds with the onset of self-assembly and precedes gelation, and the rate at which the self-assembled brillar networks become dense enough to form gels is dependent on the ionic character of the solution. Depsipeptide molecules within gel-forming supramolecular assemblies are protected from degradation relative to those in solution, and the presence of salt increases the hydrolysis rate of the depsipeptide molecules at the ester bond sites. Within our system, we have found that increasing the overall hydrophobicity of the structure increases both gelation rate and gel strength. Our depsipeptide library can therefore be tailored to control the formation rate and strength of the self-assembled gels, allowing them to be applied to a broad range of biomedical applications requiring materials with hydrolytic susceptibility, such as tissue scaffolds and drug delivery systems. of their FTIR; Dr Brent Iverson, Dr John Hardy, and Cameron Peebles for insightful discussions; and Ryan Stowers for his thoughtful review of this manuscript. This work was supported by the Welch Foundation and the National Institutes of Health (R21HL102806).
